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The 2 Å structure of helix 6 of the human signal recognition
particle RNA
Klemens Wild1, Oliver Weichenrieder1, Gordon A Leonard2
and Stephen Cusack1*
Background: The mammalian signal recognition particle (SRP) is an essential
cytoplasmic ribonucleoprotein complex involved in targeting signal-peptide-
containing proteins to the endoplasmic reticulum. Assembly of the SRP requires
protein SRP19 to bind first to helix 6 of the SRP RNA before the signal-peptide-
recognizing protein, SRP54, can bind to helix 8 of the RNA. Helix 6 is closed by a
GGAG tetraloop, which has been shown to form part of the SRP19-binding site.
Results: The high-resolution (2.0 Å) structure of a fragment of human SRP RNA
comprising 29 nucleotides of helix 6 has been determined using the multiple
anomalous dispersion (MAD) method and bromine-labelled RNA. In the crystal
the molecule forms 28-mer duplexes rather than the native monomeric hairpin
structure, although two chemically equivalent 11 base pair stretches of the
duplex represent the presumed native structure. The duplex has highly distorted
A-RNA geometry caused by the occurrence of several non-Watson–Crick base
pairs. These include a 5′-GGAG-3′/3′-GAGG-5′ purine bulge (which replaces
the tetraloop) and a 5′-AC-3′/3′-CA-5′ tandem mismatch that, depending on the
protonation state of the adenine bases, adopts a different conformation in the
two native-like parts of the structure. The structure also shows the 2′3′-cyclic
phosphate reaction product of the hammerhead ribozyme cleavage reaction.
Conclusions: The 29-mer RNA is the first RNA structure of the human SRP
and provides some insight into the binding mode of SRP19. The observed
strong irregularities of the RNA helix make the major groove wide enough and
flat enough to possibly accommodate an α helix of SRP19. The variety of
non-canonical base pairs observed enlarges the limited repertoire of irregular
RNA folds known to date and the observed conformation of the 2′3′-cyclic
phosphate containing Ade29 is consistent with the current understanding of
the hammerhead ribozyme reaction mechanism.
Introduction
The human signal recognition particle (SRP) is an 11S
cytoplasmic ribonucleoprotein complex involved in the
co-translational targeting of secretory and membrane pro-
teins carrying signal sequences to the translocation appara-
tus in the membrane of the endoplasmic reticulum [1].
SRP consists of the SRP RNA (300 nucleotides) and six
proteins (SRP9/14, SRP19, SRP54 and SRP68/72). Com-
parative sequence alignments [2] indicate that the SRP
RNA is largely base paired, the sequences of the 5′ and 3′
ends forming the so-called Alu domain which binds the
SRP9/14 heterodimer and the central part forming the 
S domain and containing the other four proteins
(Figure 1). The S domain is responsible for signal
sequence recognition and docking of the ribosome-
nascent-chain–SRP complex to the SRP receptor (both
functions are mediated by SRP54) and the Alu domain
causes an arrest in translation during this targeting process.
Crystal structures are known of the mammalian SRP9/14
heterodimer [3] and of Ffh, the bacterial homologue of
SRP54 [4,5], and very recently the first NMR structure of
a 28-mer of the Escherichia coli SRP RNA representing the
Ffh binding site has been reported [6]. No high-resolution
structural information is, as yet, available for the mam-
malian SRP RNA or for any protein–RNA complexes.
SRP19 is important in SRP assembly because its binding
to predominantly helix 6 of the S domain is a prerequisite
for the binding of SRP54 to the conserved helix 8 [7].
Helix 6 is closed by a GNAR tetraloop (N, any nucleotide;
R, either G or A). This fingerprint (147GGAG in the
human SRP) differs from the GNRA motif more com-
monly found in biologically active RNAs [8]. The binding
site of SRP19 on helix 6 has been shown to include the
tetraloop, as well as the central and distal stems of helix 6
[9]. The two stems are separated by a 5′-AC-3′/3′-CA-5′
tandem mismatch and the distal part contains a G–U
wobble base pair.
Addresses: 1EMBL Grenoble Outstation, c/o ILL,
BP 156, F-38042 Grenoble Cedex 9, France and
2ESRF, BP 220, F-38043 Grenoble Cedex, France.
*Corresponding author.
E-mail: cusack@embl-grenoble.fr
Key words: Br MAD, 2′3′-cyclic phosphate,
irregular RNA structure, non-canonical base pairing,
signal recognition particle
Received: 9 July 1999
Revisions requested: 9 August 1999
Revisions received: 31 August 1999
Accepted: 3 September 1999
Published: 27 October 1999
Structure November 1999, 7:1345–1352
0969-2126/99/$ – see front matter 
© 1999 Elsevier Science Ltd. All rights reserved.
Research Article 1345
Here we present the crystal structure at 2.0 Å resolution of a
29-mer RNA comprising the central and distal stem of helix
6, representing the major binding site of SRP19. This is the
first crystal structure of a fragment from SRP RNA and with
its variety of non-canonical base pairs it enlarges the limited
repertoire of irregular RNA folds known to date. The high
resolution allows a detailed analysis of the model and a com-
parison with mismatches and RNA motifs found in other
RNA structures. In addition, the crystallized RNA was pro-
duced by hammerhead ribozyme cleavage and we visualize
for the first time the 2′3′-cyclic phosphate reaction product.
Results and discussion
Description of the structure
The asymmetric unit contains three crystallographically
independent 29-mers (A, B and C) with small structural
differences between them as indicated by a pairwise root
mean square deviation (rmsd) of approximately 1.6 Å. The
three molecules are arranged as an asymmetric hetero-
duplex (AB) and a symmetric homoduplex (CC). Both
duplexes are aligned parallel to the crystallographic c axis
and packed on a hexagonal lattice. In contrast to the CC
duplex, the AB duplex forms pseudo-continuous infinite
helices by end-to-end stacking and has well-defined
termini. The following structural description and analysis
of helical parameters, therefore, refers to the AB duplex.
Nucleotides 1–29 in the 29-mer correspond to nucleotides
135–163 in the full length human SRP RNA.
The AB dimer forms a 28-mer duplex with distorted
A-RNA geometry in which the flipping out of the over-
hanging base Ade29 (visible only in molecule A) permits
perfect end-to-end stacking. The overall shape of the
29-mer RNA is shown in Figure 2. The number of residues
per turn is 11.3, with an average rise per base pair of 2.96 Å
(pitch, 33.5 Å). The overall axis bend is 13.5°, which results
in a shortening by 6.9% compared with an unbent helix.
The groove parameters (width/depth) vary between
2.6–9.0 Å/5.9–10.7 Å for the major groove (A-RNA,
2.7 Å/13.5 Å) and 9.3–13.4 Å/–3.3–1.5 Å for the minor
groove (A-RNA, 11.0 Å/2.8 Å). With the exception of the
non-native purine bulge, a significantly widened and flat-
tened major groove is characteristic for the entire helix.
As expected, serious distortions of the A-RNA geometry
occur mainly at the non-canonical base pairs (Figures 2,3).
Most obviously, the central 5′-GGAG-3′/3′-GAGG-5′ purine
bulge shows the largest deviations. The purine–purine base
pairs exhibit large opening angles towards the minor groove
(between –49° and –63°) resulting in a compression of the
helix diameter by 4 Å. The depth of the major groove is
reduced to about 8 Å and the width of the minor groove is
increased to up to 13.4 Å with a negative ‘depth’ down to
–3.3 Å. The strong over-twisting of up to 49° (A-RNA,
32.7°) between the purine–purine base pairs is compen-
sated for by an under-twisting with respect to the adjacent
G12–C17 base pairs of only about 20°. The under-twisting
results in a complete loss of the base stacking between the
guanines G12 and G13 at the beginning of the purine
bulge (Figure 4a).
Interestingly, the effects of the naturally occurring non-
canonical base pairs on helix distortion are inverse. The
opening of the 5′-AC-3′/3′-CA-5′ tandem mismatch and of
the internal G–U wobble base pair is towards the major
groove (opening angles up to 17°) corresponding to a widen-
ing of the major groove of up to 9 Å (A-RNA, 2.7 Å). Again,
the opening of the base pairs is reflected by large distortions
of the RNA backbone. Twist angles between the A–C mis-
matches, 3′ of C6 of the asymmetric A–C pair (see below),
and 5′ of U8 of the G–U wobble pair are increased (35–48°).
To compensate, the helix is significantly under-twisted in
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Figure 1
Schematic drawing of the human signal
recognition particle showing the structural
organization of the ribonucleoprotein complex.
The RNA fragment of 29 nucleotides
comprising the major binding site of protein
SRP19 and including the closing tetraloop is
highlighted in red. SRP proteins at their
approximate binding sites are indicated in
different colours.
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the remaining steps adjacent to the A–C mismatches and
3′ of U8 (around 20°). The sugar pucker, which was not
restrained during refinement, changes significantly from the
normal A-RNA C3′-endo conformation (phase angle ~20°) to
the C2′-exo conformation with phase angles approximately
330° for both G21 and U8 of the wobble pair and for A23 of
the A–C tandem mismatches.
In RNA helices, base-stacking is not only intrastrand but
also involves partial cross-strand stacking as observed for 5′-
pyrimidine–purine-3′ steps [10]. The 28-mer duplex reveals
two examples of this type of Watson–Crick paired stacking
interactions (Figures 3,4g): first, the C11–G18/G12–C17
base pair and second, the U3–A26/G4–C25 base pair. The
main effect of these interactions is a flattening of the major
groove down to approximately 6 Å (regular A-RNA, 13.5 Å).
The 29-mer RNA is designed with an overhanging base at
the 3′ end (Ade29). The end-to-end packing of the RNA
helices, however, is achieved by an interaction of terminal
G1–U28 wobble base pairs forming a tandem G–U base pair
with a perfect cross-strand purine stack, thus forcing the
overhanging base to flip out (Figure 3). Assuming an infi-
nite helix, the cross-strand purine stack causes an extremely
wide (> 10 Å) and flat (< 5 Å) major groove. The overhang-
ing base Ade29 contains a 2′3′-cyclic phosphate as a result of
the cleavage reaction of a 3′ hammerhead ribozyme used in
RNA preparation. This is the first reported structure of a
hammerhead cleavage product. Ade29 is associated with a
C3′-exo conformation of the ribose, which is closely related
to the B-DNA-like C2′-endo pucker. A C2′-endo ribose con-
formation for the base 5′ of the cleavage site was postulated
to be necessary for the ribozyme reaction to occur [11].
Mismatches, cross-strand stacks and magnesium ions
Although not representing the native GGAG tetraloop, the
5′-GGAG-3′/3′-GAGG-5′ purine bulge is of considerable
interest because G–A tandem mismatches are a commonly
Research Article  Human signal recognition particle RNA Wild et al. 1347
Figure 2
C24
C25
C27
U28
A26
G21
C141
U142
C151
G19
C159
A23
G22
A29
C6 A23
G18
G19
G20
G21
C17
C9
C10
C11
G12
G22
G13
G14
A15
G16
A15
C24
G13
G14
G16
G152
G1
G2
U3
G4
G135
A139
G138
U137
G136
A5
C10
C9
U8
C7
C11
C6
G18
C17 G12
C140
C158
A157
G156
G155
G20
A163
C162
C161
A160
G154
G146
C145
C144
C143
G147
G153
G150
A149
G1485′-GGAG-3′
mismatch5′-AC-3′3′-CA-5′
mismatch
3′-GAGG-5′ bulge
3′-CA-5′
5′-AC-3′
G–U wobble pair
G–U wobble pair
G–U wobble pair
G–U wobble pair
G1
Overhanging 2′3′-cA
5′3′
5′
3′3′
5′
G2
U28
A5
C7
U8
C27
U3
G4 C25
A26
N
ative part
76.0 Å
 (pitch =
 33.5 Å
)
Model of native stem-loop
N
ative part
Structure
Overall structure of the SRP RNA helix 6 duplex. The crystallographic
asymmetric duplex is shown with the bases reduced to colour-coded
cylinders. The special features of the duplex are indicated. A schematic
diagram of the structure is shown on the right. A model for the
monomeric SRP RNA helix 6 numbered as in the full-length RNA is
shown on the far right-hand side.
observed RNA motif, for instance in rRNA [12]. The
structure of the GGAG purine–purine bulge is shown in
Figures 3 and 4b,c. The G–G base pairs contain only one
direct but bifurcated hydrogen bond between the O6 car-
boxyl oxygen of one base and the imino N1 and exocyclic
N2 nitrogens of its partner as it has also been observed in
loop E of the 5S rRNA [13]. The observed G–G pairing is
different from a modified sheared conformation that might
have been expected to occur in the native hairpin structure
by homology to the closing G–A base pair conformation
adopted in the GNRA tetraloop [14]. The two central G–A
pairs adopt an imino-like base pairing [15], but the second
hydrogen bond between the protonated N1 of the guano-
sine and the non-protonated N1 of the adenosine is lost
because of the large opening angle of the base pair. No
water molecule could be located to restore this lost inter-
action by a water-mediated hydrogen bond as observed for
the G75–A101 pair in the 5S rRNA [13].
A non-canonical 5′-AC-3′/3′-CA-5′ tandem mismatch sepa-
rates the central and distal stems of helix 6. A–C base pairs
are, for example, also found in the anticodon loops of tRNAs
[16] with the adenosine N1 imino position being protonated
(A+–C). The protonated N1 donates its hydrogen to the
cytosine carbonyl group forming a wobble base pair that is
similar to the more common G–U pair. The pKa value for
N1 is approximately 4 in free adenosine [10] but can reach
5.5 in the context of oligonucleotides [17]. The two distinct
A–C tandem mismatches found in the AB duplex adopt dif-
ferent conformations because of different protonation states
(as inferred from the geometry) of the adenosine N1 (A or
A+). In the first, symmetric one (5′-A+C-3′/3′-CA+-5′), both
base pairs are in the wobble conformation with two hydro-
gen bonds each and both adenosines being protonated
(Figure 4d). In the second, asymmetric tandem mismatch
(5′-A+C-3′/3′-CA-5′), one of the base pairs is in the standard
wobble conformation whereas the other is in a new confor-
mation that requires a non-protonated adenosine N1 in
order to form a single hydrogen bond to the amino nitrogen
N4 of the cytosine (Figure 4e). The crystals were grown at
pH 5.5, which allows both states of protonation of the
adenosines. The two conformations induce a different helix
geometry as reflected by the twist angles (see above) and
present a varied array of hydrogen donors and acceptors to
the widened major groove. No crystals could be grown at
pH 6.5, which is consistent with the pH dependence of the
formation of A+–C base pairs and the resulting change of
the conformation.
The ability of A–C pairs to introduce structural flexibility
and diversity in A-RNA helices has also been reported for
the structure of the reverse tandem mismatch, 5′-CA+-3′/
3′-A+C-5′ [18], obtained from crystals also grown at pH 5.5.
In this case, both base pairs were in the protonated, wobble
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Figure 3
Stereoview of parts of the 29-mer duplex
showing mismatches, cross-strand purine
stacks, magnesium ions, and the helix
junction. The flipped out base Ade29 is seen
at the helix junction of the red strands. Special
base pairings are colour-coded for the
cylinders representing the ribose moieties:
GGAG bulge (orange); asymmetric A–C
tandem mismatch (yellow); G–U wobble base
pairs (cyan); and partially cross-stranded
Watson–Crick base pairs (black). Magnesium
ions (black spheres) are shown together with
their hydration shells (red spheres).
conformation the same as that of the symmetric tandem pair
that we observe. Instead of inducing an helical over-twisting
between the two base pairs as observed for the 29-mer,
however, the helix is unwound to an almost 0° twist angle
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Figure 4
Stereoviews of special base-pair stackings.
Magnesium ions (large spheres) are
connected to water molecules (small spheres)
by solid lines. (a) The partially unstacked
G12–C17/G13–G16 step at the beginning of
the purine bulge. (b) The
G13–G16/G14–A15 stacking of the purine
bulge. (c) The G14–A15/A15–G14 stacking
in the centre of the duplex. (d) The symmetric
A5–C24/C6–A23 tandem mismatch. (e) The
asymmetric A5–C24/C6–A23 tandem
mismatch. (f) The perfect cross-strand purine
stack of the U28–G1/G1–U28 tandem
wobble pair at the helix junction. (g) The
partially cross-stranded Watson–Crick step
C11–G18/G12–C17 next to the purine bulge.
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resulting in a perfect cross-strand purine stack of the
adenine bases, which is in agreement with the general ten-
dency of 5′-pyrimidine–purine-3′ steps to favour interstrand
stacking [10]. Again, the lowering of the pH to 6.5 had
serious effects on crystal growth.
The 28-mer RNA contains internal, native G–U wobble
base pairs as well as artificial ones at the ends of the duplex
introduced to permit RNA synthesis (see the Materials and
methods section). G–U mismatches tend to order the
solvent more strongly than Watson–Crick pairs, as reflected
by conserved water molecules (Figure 5). The G–U wobble
pairs at the helix junction form a symmetric G–U tandem
mismatch (referred to as motif I [19]) with a perfect cross-
strand purine stack; the six-membered aromatic rings
superimpose exactly (Figure 4f). Cross-strand purine stacks
are found frequently to form ion-binding sites [13,20]. 
Consistent with this we find well-defined magnesium ions
located at the cross-strand purine stacks that are coordi-
nated, either directly or water-mediated, to the N7 and O6
atoms of guanine bases. Two magnesium ions with inter-
connected hydration shells are found in the major groove
next to the G–U tandem wobble base pair bridging the
5′ phosphate groups of the two stacked RNA helices
(Figures 3,4f). Two other magnesium ions are bound to the
guanines of the partially cross-stranded C11–G18/G12–C17
motif and the guanines G19 and G20 next to it
(Figures 3,4g).
Implications for SRP19 binding
Stem-loop structures with a closing tetraloop similar to
SRP RNA helix 6 are both extremely common and stable
in biologically active RNAs [8]. However, many small
RNA structures forming hairpins in solution are found to
crystallize as duplexes [21]. The duplexes typically form
pseudo-infinite helices by end-to-end stacking, an arrange-
ment that seems to be energetically favored over a packing
of hairpins. The same is true in the present case of the
29-mer, which was quantitatively folded into the monomer
prior to crystallization as found using native gel analysis
(data not shown) but forms duplexes in the crystal.
In contrast to the well-characterized GNRA tetraloop,
detailed structural information on the GNAR motif present
in helix 6 of SRP RNA is not yet available. Nevertheless,
because the central and distal stems of helix 6 also con-
tribute significantly to SRP19 binding, the present structure
provides some clues to how this could be achieved. The
major groove of the helix is remarkably widened (up to 9 Å)
and flattened (down to 6 Å). All non-canonical base pairs are
opened towards the major groove creating a distinct RNA
surface that could be recognized by a protruding α helix. In
addition, the conformational flexibility observed for the
A–C tandem mismatch suggests that this region could allow
for an induced fit upon binding of SRP19, perhaps by influ-
encing the protonation state of the adenosines (pKa ≈ 5.5).
We await the crystal structure of the binary complex with
SRP19 to see if this interpretation holds true.
Biological implications
Although the signal recognition particle (SRP), an 11S
ribonucleoprotein complex, is an important component of
the protein targeting machinery to the endoplasmic retic-
ulum (ER), there is little detailed information available
on its structure. In particular, there is a paucity of struc-
tural information on the SRP RNA. In this work we
present the high-resolution structure of a 29-nucleotide
RNA fragment of the human SRP that comprises the
major binding site of SRP19. The binding of SRP19 to
this segment of SRP RNA, known as helix 6, is impor-
tant in SRP assembly because it is a prerequisite for the
incorporation of the GTPase SRP54 into the particle.
SRP54 is the key-player in SRP function both recognizing
the N-terminal hydrophobic signal sequences of nascent
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Figure 5
Representative electron-density maps. (a) Experimental density for the
native U8–G21 wobble base pair at 3.0 Å resolution after density
modification contoured at 1.2σ. The bromination of the uridine at the
C5 position is shown as a large brown sphere and a conserved water
molecule is depicted as a single red sphere. (b) Final 2mFo–DFc map
of the same base pair contoured at 1.2σ calculated for the native data
at 2.0 Å. (c) Same as (b) illustrated for the A5–C24 wobble base pair.
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secretory and membrane proteins and interacting with
both the ribosome and the SRP receptor.
In the crystal the RNA forms a 28-mer duplex rather
than the native monomeric stem-tetraloop structure. In
the duplex, two chemically equivalent 11 base pair
stretches are in the presumed native conformation and
the GGAG tetraloop is opened and forms a new four
base pair purine bulge. The two central G–A/A–G mis-
matches are examples of a motif commonly observed in
ribosomal RNAs. The characteristic feature of the
native part of the structure is an extremely wide and flat
major groove that results from the occurrence of A–C
and G–U mismatches and forms a putative binding site
for a protruding α helix of SRP19. Two different confor-
mations are observed for the partially protonated
A–C/C–A mismatches, giving another example of the
structural diversity of non-Watson–Crick RNA helices.
The general tendency of small RNA hairpins to crystal-
lize as duplexes forming pseudo-infinite helices by end-
to-end stacking also holds true for the 29-mer RNA. The
stacking creates a very stable G–U tandem wobble base
pair at the helix junctions. As observed in other such
structures this forms a perfect cross-strand purine stack
and is the binding site for two hydrated magnesium ions. 
The overhanging base Ade29 exhibits the expected
2′3′-cyclic phosphate that results from the hammerhead
ribozyme cleavage reaction used to generate the RNA.
The ribose of Ade29 is in the C3′-exo conformation that
is closely related to the B-DNA-like C2′-endo pucker
which was postulated to be necessary for the ribozyme
reaction to occur.
Materials and methods
RNA production, purification and crystallization
The 29-mer RNA r(GGUGACCUCCCGGGAGCGGGGGACCACUA)
comprising the central and distal stems together with the closing GGAG
tetraloop of helix 6 from human SRP was produced by run-off in vitro tran-
scription using T7 RNA polymerase [22] from linearized (HindIII) plasmid
pSS29H. T7 RNA polymerase was purified as described [23]. Plasmid
pSS29H was constructed by consecutive insertion of two pairs of syn-
thetic DNA oligonucleotides with the following sequences into plasmid
pSA86H [24]: o29A/o29B (5′-AATTCTAATA CGACTCACTA TAGGT-
GACCT CCCGGGAGCG GGGGACCACT AGCT-3′/5′-CTAGAGC-
TAG TGGTCCCCCG CTCCCGGGAG GTCACCTATA GTGAGT-
CGTA TTAG-3′) ligated to the EcoRI/Xba I sites of pSA86H and encod-
ing for the T7 promotor and the 29-mer RNA (italicised); o29HA/o29HB
(5′-AGCTTACCAC TTTCGTCCTC ACGGACTCAT CAGGCTCTAT
CT-3′/5′-CTAGAGATAG AGCCTGATGA GTCCGTGAGG ACGAA-
AGTGG TA-3′) ligated to the Xba I/Hind III sites and encoding for a ham-
merhead ribozyme (H) that autocleaves itself co-transcriptionally thus
producing a homogeneous 3′ end [25]. For the ribozyme to cleave, the
single mutation C28U had to be introduced into the RNA.
In vitro transcription (10 ml per reaction) and purification of the RNA
was performed as described earlier [24]. An additional di-ethyl-amino-
ethyl (DEAE) chromatography step was included prior to concentra-
tion of the RNA by ethanol precipitation. For the Br MAD experiment a
50% ratio of 5-Br–UTP/UTP was used in the transcription reaction.
Bromination of the uridine in the active site of the ribozyme prevented
the cleavage reaction. The 50% ratio was a compromise between
achieving a high RNA yield and a clear anomalous signal. Monomeric
hairpin RNAs were obtained by denaturing the RNA (10 mg/ml) for
5 min in 6 M urea at 70°C followed by a quick 20-fold dilution into
reconstitution buffer (10 mM MgCl2, 1 mM spermine tetrahydrochlo-
ride) on ice. The folded RNA was brought to 5 mg/ml in less than
5 mM urea by repeated concentration and dilution in reconstitution
buffer. Native and brominated crystals were grown in hanging drops at
20°C equilibrated against 100 mM MgCl2, 50 mM MES (pH 5.5) and
15–20% (w/v) PEG 8000. Crystals appeared after one week and
belong to the trigonal spacegroup P3121 with unit-cell dimensions of
a = b = 43.0 Å and c = 231.4 Å and three molecules per asymmetric
unit (VM = 2.0 Å3/Da). Crystals were flash-frozen in liquid nitrogen
after increasing the PEG concentration to 20% (w/v) and addition of
20% (v/v) glycerol.
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Table 1
Summary of diffraction data*.
Native Br MAD inflection Br MAD peak Br MAD hard remote
Wavelength (Å) 0.9300 0.9200 0.9197 0.9170
Resolution (Å) 38–2.0 28–3.0 28–3.0 28–3.0
Completeness (%) 99.9 (99.9) 92.5 (95.1) 92.5 (95.3) 93.2 (95.9)
Unique reflections 17,877 4859 4857 4894
Multiplicity 4.8 5.3 5.0 5.0
Mean I/σ(I) 6.4 (1.9) – – –
Rsym† (%) 5.1 (39.8) 7.1 (30.1) 7.4 (29.7) 7.3 (28.9)
Dispersive and anomalous differences‡
Br MAD inflection 5.7 4.8 5.8
Br MAD peak 6.3 5.5
Br MAD hard remote 6.7
Phasing statistics§
Rcullis (%) 63.9 67.2 73.1
Phasing power 1.80 1.66 1.43
FOM# 0.60
*Data were collected in two separate experiments (see the Materials
and methods section). Numbers in parentheses correspond to the
values for the highest resolution shell. Friedel pairs are merged. 
†Rsym = ∑h,iI(h)i–<I(h)>/∑h,iI(h)i. ‡Values as calculated with CNS
[30] for a resolution from 28–3.0 Å. §Overall values as calculated with
CNS [30] for a resolution from 28–3.5 Å. #FOM, figure of merit.
Data collection, MAD phasing and model refinement
X-ray data were collected at cryogenic temperature in two separate
experiments at the European Synchrotron Radiation Facility (ESRF) in
Grenoble (Table 1). The native data at 2.0 Å resolution were collected
on one crystal at beamline ID14-EH4 using an ADSC Quantum 4 CCD
detector, and the data were processed with MOSFLM 6.0 [26] and
SCALA [27]. The three wavelength Br MAD data set (inflection, peak
and hard remote) at 3.0 Å resolution was collected at beamline BM14
equipped with a MAR CCD detector and data were reduced using the
HKL package [28]. Phases were obtained by exporting an intermediate
output of the program Solve [29] containing the structure factors of the
anomalous scatterer Br into CNS [30] and by calculating the native Pat-
terson map of the bromine substructure. Program CNS was used for
both phase refinement and density modification (Table 1). Initial model
building was done with the program O [31] using the Br MAD map. The
resulting first model was taken for molecular replacement using AMoRe
[27] and the high-resolution native data, which was non-isomorphous to
the Br data (Riso = 0.58). Refinement was then continued with CNS,
applying torsion angle dynamics, a bulk-solvent correction and also cor-
recting for the significant anisotropy of the data (B11 = B22 = –8.8 Å2,
B33 = 17.7 Å2). No restraints were used for NCS and RNA geometry.
Magnesium ions were identified by their octahedral coordination, the
short distance to water molecules of 2.1 Å, and by their specific binding
sites in RNA. They were introduced into the model when at least three
out of the six octahedral ligand positions were occupied. Final refine-
ment statistics are shown in Table 2. The RNA was analyzed using the
program CURVES 5.3 [32]. Figures were produced with the programs
XFIG, BobScript [33] and RIBBONS [34].
Accession numbers
Coordinates and structure factors have been deposited in the Nucleic
Acid Data Bank (accession code 1D4R).
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Table 2
Refinement statistics.
Resolution (Å) 38–2.0
No. of reflections used 17,808
Rcryst* (%) 26.4
Rfree† (%) 28.6
Rmsd bond lengths (Å) 0.005
Rmsd bond angles (°) 0.92
Mean B value (Å2) 59.2
No. of nonhydrogen atoms
Total 1976
RNA 1849
Water 122
Mg ions 5
*Rcryst = ∑FobsFcalc/∑Fobs. †Rfree = Rcryst calculated for 5% of
the data not included in the refinement.
